Transient depolarizations (TDs) appeared in canine Purkinje tissue but not in cardiac muscle during exposure to 1-2 X 10~7 g/ml of acetylstrophanthidin. At low levels of toxicity, the TDs were associated with a decrease in threshold and an increase in automaticity. As intoxication progressed, the TDs coincided with transient periods of increased threshold and conduction block. Propagation from muscle to Purkinje tissue was blocked during, but not before or after, the crest of the TDs. As a result of the interaction between temporal and spatial (electrotonic) factors, various patterns of block, including unidirectional block, were observed. At moderate frequencies 2:1 block was demonstrated, but at faster rates 1:1 transmission occurred. At a later stage of toxicity, repetitive stimulation led to progressive depolarization in Purkinje tissue followed by a period of block during which slow repolarization eventually restored excitability and conductivity. In the whole heart, conduction block could permit reentry and could be responsible for the ultimate transition from ventricular tachycardia to ventricular fibrillation.
• Automaticity and intraventricular block are important features of digitalis intoxication. Idioventricular rhythms occurring in the intact animal are commonly attributed to enhanced phase-4 depolarization and depressed conductivity, particularly in the specialized conducting tissue of the ventricles (1.2) .
In a study of the mechanisms of acetylstrophanthidin toxicity in isolated canine Purkinje-papillary muscle preparations (3), we have observed transient depolarizations (TDs) of the transmembrane potential. The TDs appear as one or two phasic oscillations of the membrane potential coupled to the last of a series of driven responses with a period approximately equal to the preceding cycle length. Although different from phase-4 depolarization, the TDs can reach threshold, and cause one or more automatic responses; moreover, they are probably responsible for the repetitive ventricular responses described by Lown et al. (4) and Klein et al. (5) and the postpacing acceleration described by Gandel et al. (6) . Under certain conditions, TDs can also cause conduction block in isolated preparations. Although there are at present no experimental or clinical correlates of this type of block, our observations can account for some disturbances of ventricular activation seen in the whole animal.
Methods
Mongrel dogs of either sex, weighing 10-25 kg, were anesthetized with sodium pentobarbital (30 mg/kg, iv). The hearts were removed quickly through a left parastemal incision, fibrillated with electric shock, and opened immediately to permit removal of two types of preparations. The first type consisted of the right anterior papillary muscle and an attached false tendon, and the second consisted of the right anterior papillary muscle and a small segment of the right ventricular free wall with a free-running false tendon connecting the two. Preparations were placed in a tissue bath maintained at 37 ± 0.5°C and superfused with modified Tyrode's solution which was equilibrated with 95% Oo-5% CO 2 . The millimolar composition of Tyrode's solution was: NaCl 137.0, KC1 4.1, NaH 2 PO 4 0.9, NaHCO 3 12.0, CaCL, 2.5, MgSO 4 0.5, and" dextrose 5.5.
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Acetylstrophanthidin 1 was dissolved in 2 ml of ethanol, and deionized water was added to give 50 ml of stock solution (1 X 10" 4 g/ml). The stock solution was diluted 1:10 with Tyrode's solution and infused into the perfusion chamber to give a final concentration of 1-2 X 10~7 g/ml. A fine stream of bubbles (95% O 2 -5% COo) was used to disperse the drug in the bath.
Recordings of transmembrane potentials from muscle and Purkinje tissue were made with glass micropipertes filled with 2.7M KC1. The micropipettes had resistances ranging from 8 to 20 megohms. Potentials were amplified and displayed on a Tektronix 565 oscilloscope and photographed on 35-mm film with a Grass camera. Trains of rectangular stimuli 3 msec in duration at various basic cycle lengths were produced by a Tektronix 161 pulse generator triggered by a digital interval counter. Stimuli were delivered through an isolation transformer to closely spaced bipolar silver electrodes applied to the tip of the papillary muscle. In some cases, test stimuli were applied extracellularly to the tip of the papillary muscle at various intervals after the basic train. In other cases, test stimuli were applied through a microelectrode in Purkinje tissue to determine the threshold to intracellular stimulation.
Results
Block in Purkinje-Papillary
Muscle Prepara- tions.-TDs appeared in specialized conducting tissue after about 20 minutes of exposure to acetylstrophanthidin ( l -2 x l ( h T g/ml), but they were never observed in muscle (Fig. 1) . The preparations exhibited two distinct TDs; the amplitudes and the coupling intervals of these TDs were dependent on the basic cycle length, the last cycle length, and the number of beats in the train as previously described (3) . With continued exposure to the drug, TDs resulted in single and then in multiple action potentials coupled to the preceding (driven) response and propagated to the muscle. As the infusion of drug continued, automatic activity subsided, and conduction block was observed within the specialized conducting tissue.
Block between the intracellular recording sites in the papillary muscle and the false tendon was studied in seven experiments. Preparations were driven by trains of extracellular stimuli applied to the tip of the papillary muscle. Each muscle response was propagated into the false tendon, and the last driven response was followed by two TDs in cells of the false tendon (Fig. 1) . A-C of Figure 1 show the last response to a train of ten stimuli followed by two TDs in the Purkinje fiber. In this experiment, a conditioning stimulus, delivered 750 msec after the end of the basic train, produced a 'Generously supplied by Eli Lilly Co., Indianapolis, Indiana.
Circulation Reiearch, Vol. XXXII, May 197} large subthreshold TD. Test stimuli were then applied to the muscle so that action potentials were propagated into the false tendon at selected intervals during the TDs. When the test stimulus was delivered to the muscle prior to the crest of the TD, the response propagated to the recording site in the false tendon (A). When the muscle was stimulated coincidently with the crest of the TD, propagation into the Purkinje fiber failed, and the wave form of the TD was undisturbed (B). Test responses initiated at successively later times on the descending limb of the TD were not propagated to the recording site but were seen as a graded series of distortions of the TD, suggesting decremental conduction approaching but not reaching the recording site. Still later test responses were normally propagated (C). Conduction block coinciding with the crests of the TDs was also demonstrated in experiments in which the postmature conditioning response was omitted.
Conduction block was observed in both the Purkinje-papillary muscle preparation and the papillary muscIe-Purkinje-free wall preparation. The muscle responses which failed to traverse the preparation were always those that reached the specialized conducting tissue close to the time of maximal depolarization. Since the coupling interval between the upstroke of the last action potential, whether spontaneous or driven, and the crest of the succeeding TD was determined by the interval between the last two action potentials, block was also "coupled" to the last active response. Block occurred at nearly integral multiples of the preceding cycle length, as summarized diagrammatically in Figure 2 . However, when the last cycle length was appreciably greater or less than the preceding cycle length, there were deviations from this rule (Fig. 1) .
The length of the interval during which block occurred was variable depending on the degree of intoxication, the level of the resting membrane potential, the rate of stimulation, and the configuration of the TD. Frequently the interval was 100 msec or longer.
The amplitudes and the coupling intervals of the TDs have been shown to vary as a function of the last cycle length (3), and the amplitude of the first depolarization following a last cycle 500-700 msec long is greater than that following shorter or longer cycles. Thus, block related to the first TD not only occurred at a specified time, but also it was more likely following cycles of intermediate length than
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it was following shorter or longer cycles. This phenomenon was demonstrated in the experiment illustrated in Figure 3 , in which propagation from the papillary muscle to the false tendon and the attached free wall was erratic at an intermediate Electrotonic Gradients.-TDs were always observed in Purkinje tissue treated with acetylstrophanthidin but never in muscle. In completely isolated false tendons, simultaneous recordings showed that TDs at different recording sites were essentially synchronous and similar in amplitude and configuration. When the false tendon remained attached to muscle as in the Purkinje-papillary muscle preparation or the papillary muscle-Purkinje-free wall preparation, there was an obvious gradient in the amplitude of the TDs recorded from various sites in the specialized conducting tissue. Such a gradient is illustrated in Figure 4 , which shows simultaneous recordings at three sites in a false tendon attached at both ends to muscle. Traces A and C were recorded at sites near muscle, but B was recorded at a point near the center of the false tendon. The amplitude of the TD is clearly greater in B than it is in either A or C. The amplitude was always greater in the center of the false tendon between two muscle segments or at the free cut end of the false tendon than it was at recording sites close to muscle. Presumably this spatial difference resulted from an electrotonic gradient imposed on the specialized conducting tissue by the low-resistance communications with the muscle (7, 8) .
Patterns of Block in Papillary Muscle-PurkinjeFree Wall Preparations.-Conduction block which occurred at intermediate cycle lengths resulted in apparently chaotic patterns of conduction with changing conduction ratios. In Figure 3 , 1:1, 2:1, and 3:1 conduction are all present. Preparations also exhibited fairly stable 2:1 block at some cycle lengths. Figure 5 is a recording from a papillary muscle-Purkinje-free wall preparation driven by a train of ten extracellular stimuli delivered to the tip of the papillary muscle at a basic cycle length of premature responses which entered the false tendon before the TD reached its maximum. Similarly, it was capable of sustained conduction at considerably shorter cycle lengths at the same level of toxicity. This phenomenon is shown in Figure 6 , which was recorded from the same preparation during 1:1 conduction of driven responses at a basic cycle length of 500 msec. Unidirectional block was also associated with TDs. This phenomenon occurred for a short time as automaticity was subsiding and block was first observed (Fig. 6) . A train of ten stimuli was delivered to the tip of the papillary muscle; all responses propagated to the free wall. The tenth driven response was premature and resulted in a spontaneous beat coupled at about twice the preceding cycle length. This spontaneous action potential arose in the specialized Purkinje tissue and was propagated to the free wall but not to the papillary muscle. A second spontaneous action potential propagated to both ends of the preparation.
Intermittent Conduction.-As the specialized conducting tissue became progressively more intoxicated, the maximum resting membrane potential gradually diminished until the tissue was inexeitable. At a less advanced stage of intoxication, preparations driven at high rates showed rapidly
FIGURE 6
The same preparation used in Figure 5 
was driven at a basic cycle length of 500 msec for this experiment. All driven responses traversed the preparation. The tenth stimulus was premature; this short cycle was followed by a spontaneous action potential which arose in the false tendon (ft) and propagated to the free wall segment (fw) but failed to reach the papillary muscle (pm). A second spontaneous potential propagated successfully in both directions.
progressive depolarizaiton of the Purkinje tissue for a few cycles followed by a period of block and slow repolarization lasting several cycles. Periods of conduction and block alternated as long as pacing was continued. This type of block appeared to be independent of the TDs.
An example of intermittent block is illustrated in Figure 7 . The papillary muscle (bottom trace) responded to external stimulation at a basic cycle length of 300 msec; the first nine responses reached the recording site in the false tendon (top trace). The maximum diastolic potential diminished progressively with each propagated response until conduction failed. During the ensuing period of block, the membrane potential gradually increased until 1:1 conduction resumed. No disparity in activation of widely separated points was observed when two simultaneous recordings were obtained in the Purkinje tissue. That is, there was no evidence of partial penetration of the Purkinje tissue by impulses propagated from muscle under these circumstances.
Threshold to Intracellular Stimulation.-Conduction failure during TDs could be due to a parallel transient decrease in excitability. Accordingly, excitability was estimated by intracellular injection 
FIGURE 7
Recording Recordings from a Purkinje-papillary muscle preparation.
The basic train was delivered extracellularly to the papillary muscle (bottom trace); responses propagated to the Purkinje tissue (top trace) were followed by large TDs. Test stimuli during the TDs were applied intracellularly in the Purkinje tissue (top row of each section) and extracellularly in the muscle (bottom row of each section). Spikes were retouched.
of current pulses 3-5 msec in duration in five preparations. The threshold current was measured at two stages in the development of toxicity: (1) when TDs first appeared (prior to automatic activity) and (2) after the stage of automaticity had subsided. All action potentials occurring during the TDs were clearly responses to the intracellular stimuli delivered at these times. At low levels of toxicity before automaticity emerged, threshold was 20-30% less during TDs than it was late in electrical diastole; block was never observed at this stage. Other preparations were allowed to pass through the stage of automaticity and were studied after automaticity subsided. At this level of intoxication, conduction failed and action potentials initiated in muscle were blocked in the specialized conducting tissue during a TD. Under these conditions, the threshold to intracellular stimulation during the TDs was two to five times higher than it was in either early or late diastole. The relationship between the transient increase in threshold to stimulation and conduction block in the specialized conducting tissue is shown in Figure  8 . These recordings were taken from a Purkinjepapillary muscle preparation driven by trains of 20 stimuli applied to the muscle at a basic cycle length of 300 msec. Simultaneous recordings were obtained from the false tendon and the papillary muscle, and the last two responses of the basic train Circulation Reiearcb, Vol. XXXll, May 1973 followed by a test stimulus delivered intracellularly to a Purkinje fiber (top row of each section) or extracellularly to the tip of the papillary muscle (bottom row) are shown. In A and C, before and well after the large TD in the Purkinje fiber, propagation from the muscle was unimpeded (bottom row). At the same test intervals, the threshold to intracellular stimulation of the Purkinje fiber was 0.65 and 0.56 juamp, respectively. In B, a muscle response was initiated during the large TD and failed to propagate to the recording site in the false tendon (bottom row). The threshold to intracellular stimulation at this same test interval was increased at least twofold and exceeded 1.25 /u.amp, which was the maximum amount of current that could be delivered through the intracellular electrode.
Discussion
Recently we have shown that TDs appear in isolated canine Purkinje tissue during exposure to acetylstrophanthidin (3) . The amplitudes and the coupling intervals of these TDs are influenced by the preceding cycle length. At low levels of toxicity, i.e., with a minimal decrease in the resting membrane potential (to levels between -85 and -75 mv), and with no apparent impairment of responsiveness to the physiological stimulus of premature responses propagated from muscle, these 616
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TDs can give rise to spontaneous action potentials coupled to the preceding action potential and capable of propagation to muscle. Since TDs are enhanced by rapid pacing and phase-4 depolarization is suppressed and since postpacing depression of phase-4 depolarization is increased by acetylstrophanthidin, we have suggested (3) that TDs, rather than phase-4 depolarization, are responsible for the increased automaticity induced by cardiac glycosides.
The present study showed that at this early stage of toxicity the conductivity of Purkinje fibers was not appreciably impaired. Even during the TDs, propagation from muscle to Purkinje tissue and from Purkinje tissue to muscle was not depressed; moreover, the threshold current for intracellular stimuli was significantly reduced at the peak of the TDs. At a later stage, often following a period of more or less sustained automatic activity, the maximum diastolic membrane potential was further decreased. Similar transient potentials could still be elicited, and they often exceeded 20 mv in amplitude. But, at this stage, block was associated with the TDs, and the current threshold for intracellular stimuli was greatly increased. At this same stage, the TDs could still occasionally reach threshold and initiate active responses. The ionic mechanism responsible for the TDs and the reason for the difference in conductivity and excitability during the early and the late depolarizations is not yet clear.
Although coupled automaticity observed in vitro correlates well with repetitive ventricular responses and postpacing acceleration in vivo, there is no published material suggesting a counterpart of block during TDs in the whole animal. For this reason, it is difficult to speculate on the significance of this type of block, since there is no direct evidence that the whole animal could survive the automaticity which resulted at a lower level of toxicity. It is, however, of some interest that propagation from a site of ventricular stimulation to a nearby recording site is well maintained while propagation to more remote areas (presumably involving the specialized conducting system) is grossly depressed by digitalis intoxication in the intact heart (1,2).
Conduction block during the TDs was temporally limited; the interval during which block occurred was determined largely by the preceding cycle length. The site of block was probably determined by the geometry of the preparation as well as by the time interval. The fact that conduction could take place both before and after but not during the TDs suggests an explanation for some cases of so-called supernormal conduction.
Under other conditions of impaired conductivity (for example, during the relative refractory period or in tissue exposed to an elevated potassium concentration), the weakest link in intraventricular conduction appears to be the junction between terminal Purkinje fibers and muscle (7) . Propagation in the normal direction fails when retrograde conduction from the muscle to the Purkinje fiber is still possible. Mendez et al. (7) have related this phenomenon to the geometry of the Purkinjemuscle junction and have suggested that the thin cable of the terminal Purkinje fiber generates too little current to bring underlying muscle tissue to threshold, although propagation in the reverse direction is essentially unimpaired. The cardiac glycosides (and the aglycone, acetylstrophanthidin) exert profound effects on the specialized conducting tissue in concentrations which cause little impairment of muscular function. Thus low-resistance connections between muscle and Purkinje fibers can delay or prevent the depolarization of terminal Purkinje fibers. Not only the development of TDs but the more sustained depolarization characteristic of advanced intoxication will be more prominent in central than in peripheral branches of the specialized conducting system.
We have shown that a totally isolated false tendon (i.e., with no insertion into muscle) responds more or less uniformly throughout its length, whereas a strand of Purkinje fibers attached to muscle is electrotonically influenced by the muscle. As a consequence, a gradient in the development of toxic manifestations is impressed on the conducting tissue. TDs are greater in magnitude and therefore should reach threshold earlier in fibers remote from muscle. As toxicity progresses, these fibers should go through a stage of intermittent block, while fibers closer to muscle undergo a phase of automaticity. At this stage, propagation from the ectopic pacemaker sites to adjacent muscle should still be possible, while retrograde propagation would be delayed or blocked. The degree of penetration of an impulse initiated in muscle will depend on the timing of the impulse. At the crest of a TD, activity will invade Purkinje fibers only a short distance. Somewhat later responses will be able to penetrate farther, but they will probably conduct decrementally against an uphill gradient of decreased excitability and conductivity.
